We present a novel sensor that measures the entire spatial coherence function within an aperture by use of a variable astigmatic lens. This sensor permits digital capture and processing of partially coherent fields. We demonstrate the sensor by sampling and computing the coherent modes of a three-dimensional incoherent source.
Mechanical stability problems can make sampling large amounts of coherence data diff icult, and detecting weak signals in noise requires long integration periods. The method used by the ACS is related to other techniques such as depth-by-defocus imaging 5, 6 and phase diversity imaging. 7 Furthermore, interpretation of data from the sensor provides new insight into the sampling of coherence in standard imaging systems.
The ACS consists of a nonspherical lens, which has independently changeable horizontal and vertical focal lengths f x and f y , respectively. Although such a lens is diff icult to realize in practice, here we introduce a practical substitute. This lens is placed a distance z from a focal-plane array such as a CCD, and the horizontal and vertical locations on the CCD relative to the center axis of the lens are positions x and y, respectively. A partially coherent, quasi-monochromatic field with mutual intensity J͑x 1 , y 1 , x 2 , y 2 ͒ is incident on the aperture of the lens. The intensity measured by the focal-plane array is then
If we make the substitutions x 1 x 1 Dx, x 2 x 2 Dx, y 1 ŷ 1 Dy, and y 2 ŷ 2 Dy, the integral becomes
We make another set of substitutions, q x xDx, dq x ͞jDxj dx, q y ŷDy, and dq y ͞jDyj dŷ, to f ind
The intensity-measurement function I ͑ ? ͒ of Eq. (3) contains the same measurements as in Eq. (2) resampled to new coordinates. Examination of Eq. (3) reveals that there is a 4-D Fourier-transform relationship between the following quantities:
Every sample of intensity for each combination of the position and the focal lengths of the lens is a sample of the 4-D Fourier transform of the coherence function. This result applies equally well for f x f y , so stigmatic imagers also measure samples of the 4-D Fourier transform of the coherence function, but they are unable to sample the entire Fourier space. Because the ACS can measure general partially coherent sources, it can be used equally well with coherent or incoherent sources and can distinguish between the two. This ability comes at the expense of the requirement of much more information than would be the case if the coherence state of the source were known. Another advantage of measuring the entire coherence function is that a coherence-mode decomposition 8, 9 can be performed. This decomposition will allow the contributions of individual sources to be separated. Without the entire coherence function, we will need to know the coherence state of the sources a priori to separate their contributions. The coherence-mode decomposition can become a powerful computational technique for augmenting the imaging process. In addition, if the entire coherence function is known, the coherence can be found after propagation through any linear optical system, including any other optical instrument. A new kind of image processing is possible in which the propagation of partially coherent light can be digitally simulated.
An ACS might be constructed by use of two cylindrical lenses of focal length f with their focal axes placed at an angle u relative to each other, symmetric about the horizontal axis. The effective horizontal and vertical focal lengths of this lens are given by 2 cos 2 ͑u͞2͒͞f 1͞f x and 2 sin 2 ͑u͞2͒͞f 1͞f y , respectively. To achieve any given values of 1͞f x 2 1͞z and 1͞f y 2 1͞z, one need only set u and the distance between the lens combination and the CCD z.
Because the aperture is a finite size, the accessible region of the 4-D coherence function will be limited. If we consider a square aperture of side d, we can determine the accessible region of the coherence space. To keep the correlations confined within the aperture, we require that jx 6 Dxj , d and jŷ 6 Dyj , d. A plot of the boundaries denoted by these inequalities is given in Fig. 1 . Because the Fourier-space parameters are different from the physical parameters, the region of the Dx and q x Fourier space that these boundaries correspond to is also shown in Fig. 1 . Since the Fourier space is not sampled near the q x axis, an image formed by a finite-aperture sensor will suffer in resolution along this dimension.
We built an ACS using three lenses: one 15-cm cylindrical lens used for one axis and two 30-cm cylindrical lenses used for the other axis. A diagram of this scheme is shown in Fig. 2 . Two lenses were used for one axis instead of one lens as we described above so that the principal planes of focus on both axes could roughly coincide. The two lenses for one axis were always turned together. There were two computercontrolled rotation stages, each turning one axis of the ACS. The CCD was placed on a computer-controlled translation stage so that the distance between the lens system and the CCD could be changed. The translation stage had a travel of 5 cm, with its center position being 15 cm from the principal planes of the lenses. The source that we imaged with the ACS was three red LED's with their plastic lenses sanded off to make their radiation patterns more isotropic.
The data acquisition went as follows: The computer stepped through 64 values of 1͞f x 2 1͞z and 1͞f y 2 1͞z spaced evenly by 0.0035 m 21 for a total range of 2.2 m 21 . For each of the pairs of values the computer calculated the angle u and distance z needed to achieve these values. If the position could be reached by the translation stage, the computer set the rotation stages at equal and opposite angles u about the horizontal axis and set the position of the stage. The computer then sampled the intensity on a 256 3 256 region of the CCD array, which is downsampled by use of a band-limiting interpolator to 64 3 64. For roughly one quarter of the images, the position could not be reached by the translation stage, so the computer recorded zeros for the picture and continued sampling. We recorded a total of 4096 64 3 64 pixel frames in this way in a total time of ϳ12 h, to record a total of 2 24 samples. After the data were recorded, they were processed to f ind the coherent modes. First, we performed a 4-D fast Fourier transform of dimensions 64 3 64 3 64 3 64 on the data to compute the discrete samples of the coherence function from the sampled intensity. Then, the Lanczos method was used to calculate the approximate eigenvalues and eigenvectors of the coherence data, which correspond to the coherent modes. The algorithm was adapted for this purpose by approximation of the integral that def ines the coherentmode eigenvalue equation with a discrete sum: Fig. 1 . Portion of coherence space that can be sampled in a two-dimensional square aperture (shown for one dimension only; the other is identical). Fig. 2 . Diagram of the ACS. Two cylindrical lenses of 300-mm focal length form Axis 1 and focus along one diagonal direction, and one cylindrical lens of 150-mm focal length forms Axis 2. The combination of the two foci, oriented at equal and opposite angles to the vertical axis, effectively forms a single lens of adjustable astigmatic focal ratio. 
where r i are the positions of the points of interest in the aperture (a rectangular array here), l i are the eigenvalues, and J͑ ? ͒ is a function of the center and difference positions of the correlated points. For the points at which no data for J͑ ? ͒ were gathered owing to the limited measurement range of the sensor, we set J͑ ? ͒ 0. We expect that the incomplete data will artificially increase the number of coherent modes and result in a coherence function that is no longer perfectly positive def inite. Figure 3 shows the coherent modes factored from the cross-spectral density by the Lanczos method. 10 The primary modes are all spherical waves, but there were higher-order modes present in the signal because the sources were not perfectly pointlike. The spatialfrequency (plane-wave) component of these spherical waves corresponds to their angular coordinates, whereas the curvature of the wave front corresponds to the depth. By fitting a Fresnel wave front to each mode, we obtain
where x, y, and z are the position of the source; n x and n y are the pixel numbers in the field; and d 2.35 3 10 25 m is the size of the resolution element with which the f ield was measured. The lateral distance between the first and third LED's was 9 mm as measured with a ruler and 9.1 mm as measured with the coherence sensor. The distance in depth between the second LED and the other two was 245 mm as measured with a ruler and 262 mm as measured with the sensor. There was good agreement between these two methods, showing that the sensor can measure coherent modes accurately.
We have proposed and demonstrated a sensor that can sample a partially coherent field and uses digital processing in the form of a discretized coherent-mode transformation to identify individual sources in the field. We believe that such sensors will be useful not only for three-dimensional (3-D) incoherent sources such as those that were imaged here but also for more-general 4-D coherence functions in which distortions break the symmetry associated with 3-D coherence propagation. 11 Because in the ACS every source does not contribute light equally to every pixel measured, as in other methods of sampling 3-D structure from coherence, 12, 13 such as the rotational shearing interferometer, the ACS may have the advantage of reduced noise compared with that of white-light holography.
14 Also, because the ACS does not employ two separate interferometer arms, it is less sensitive to relative motions between its components.
